The prokaryotic ribosome is an important target of antibiotic action. We determined the X-ray structure of the aminoglycoside kasugamycin (Ksg) in complex with the Escherichia coli 70S ribosome at 3.5-Å resolution. The structure reveals that the drug binds within the messenger RNA channel of the 30S subunit between the universally conserved G926 and A794 nucleotides in 16S ribosomal RNA, which are sites of Ksg resistance. To our surprise, Ksg resistance mutations do not inhibit binding of the drug to the ribosome. The present structural and biochemical results indicate that inhibition by Ksg and Ksg resistance are closely linked to the structure of the mRNA at the junction of the peptidyl-tRNA and exit-tRNA sites (P and E sites).
The prokaryotic ribosome is an important target of antibiotic action. We determined the X-ray structure of the aminoglycoside kasugamycin (Ksg) in complex with the Escherichia coli 70S ribosome at 3.5-Å resolution. The structure reveals that the drug binds within the messenger RNA channel of the 30S subunit between the universally conserved G926 and A794 nucleotides in 16S ribosomal RNA, which are sites of Ksg resistance. To our surprise, Ksg resistance mutations do not inhibit binding of the drug to the ribosome. The present structural and biochemical results indicate that inhibition by Ksg and Ksg resistance are closely linked to the structure of the mRNA at the junction of the peptidyl-tRNA and exit-tRNA sites (P and E sites).
Translation initiation is the rate-limiting step of protein synthesis and is a central target for the global regulation of gene expression 1 . In bacteria, modulation of translation initiation has been attributed to sequences and secondary structures within mRNAs. These include the strength of the Shine-Dalgarno (SD) sequence, the identity of the initiation codon, the presence or absence of secondary structures in the 5¢ leader sequence and the presence of A/U-rich sequences recognized by ribosomal protein S1 (refs. 2,3) . However, the role of the sequence between the SD and the initiation codon remains unclear, despite reports showing large effects of this region on gene expression 2, 4, 5 . This stretch of mRNA traverses the universally conserved ribosomal E site within the 30S subunit during initiation 6, 7 .
The aminoglycoside Ksg has been reported to inhibit initiation of translation by blocking initiator transfer RNA binding to the 30S subunit [8] [9] [10] [11] [12] . Ksg is produced by the bacterium Streptomyces kasugaensis 13 and has been used clinically in the treatment of Pseudomonas aeruginosa infections 14 . The antibiotic is currently used in the treatment of the fungus Pyricularia oryzae in rice fields 13 .
As with nearly all classes of antibiotic, resistance mutations have been found for Ksg. Resistance to Ksg was first mapped to the ksgA gene 15 . ksgA encodes a methyltransferase that catalyzes the posttranscriptional dimethylation of N6 of A1518 and A1519 in the loop that closes helix 45 near the 3¢ end of 16S rRNA (dimethyl-A stem-loop or DASL; Fig. 1a ) 16, 17 . Lack of modification in this stemloop leads to Ksg resistance 16 . Although the role of this modification is unknown, both the KsgA methyltransferase and its target seem to be conserved throughout evolution 18 . More recently, Ksg resistance mutations have been isolated in 16S rRNA at position A1519 and at the universally conserved residues A794 and G926 (Fig. 1a) 19 . Chemical probing of wild-type ribosomes with Ksg changes the reactivity of A794, C795 and G926, suggesting that these residues are involved in binding the drug 20 . These residues map to the cleft between the head and the platform of the 30S subunit, near the pathway of mRNA in the ribosomal E site (Fig. 1b) 6, 7 .
We decided to investigate the Ksg binding site on the ribosome by means of X-ray crystallography. The 3.5-Å structure of the E. coli 70S ribosome in complex with Ksg described here reveals that the drug occupies the mRNA channel between the ribosomal P and E sites. In addition, biochemical experiments show that the identities of the mRNA residues located between -2 and +1 (where -1 is the last position of the E-site codon and +1 is the first position of the P-site codon) have a large effect on the extent of inhibition by Ksg. Ksg therefore acts as a selective inhibitor of a subset of mRNAs by interfering with the path of mRNA immediately upstream of the start codon. These results offer, for the first time, an explanation for both the mode of action of Ksg and the important role of the E site in gene expression.
RESULTS

Ksg binds the 30S subunit
The structure of Ksg bound to the E. coli 70S ribosome was determined by X-ray crystallography (Fig. 1) . Ksg was soaked into ribosome crystals grown under conditions recently reported 21 . We measured diffraction data from crystals of the ribosome-Ksg complex to 3.5 Å and created an (F o -F o ) difference electron density map, obtaining control structure factors from the apo-70S ribosome structure (Supplementary Table 1 online) 21 . The difference map revealed positive difference density, easily attributable to Ksg, in the two small subunits contained in the asymmetric unit of the crystals (herein named 30S-1 and 30S-2). The density was located in the mRNA channel between the head and the platform of the subunit (Fig. 1b) . Manual docking of the Ksg molecule into the difference electron density relied on unique features of the electron density. For example, the shape of the electron density positions the acetamidinium-carboxylate group uniquely near A794, given the size of the density surrounding the inositol ring (Fig. 1d) . Moreover, the asymmetric linkage between the acetamidinium-carboxylate group and the hexopyranose ring, relative to the methyl and amino groups, could be discerned clearly as a 'bump' in the electron density (Fig. 1c) . Crystallographic refinement of Ksg bound to the two 70S ribosomes was performed as described in Methods.
Ksg binds within the mRNA channel The Ksg-binding pocket is composed entirely of 16S rRNA residues that line the mRNA channel of the small subunit, located between the universally conserved A794 and G926 (Fig. 1b-d and Supplementary  Fig. 1 online) 6, 7 . This agrees perfectly with Ksg protection of these two residues from chemical probes 20 and with high levels of Ksg resistance conferred by base changes at these positions 19 . Additional nucleotides near the Ksg electron density are A792, A1499, G1505 and U1506 (Fig. 1c,d and Supplementary Fig. 1 ).
Ksg consists of an acetamidiniumcarboxylate group attached to a hexopyranosyl ring and an inositol ring (Fig. 1d) . In the refined structure, the inositol ring packs against the bases of G926 and G1505, which are stacked. The O4-and O2-hydroxyls on the inositol ring are within hydrogen-bonding distance of the N1 of G926 and N7 of G1505, respectively (Fig. 1d) . The hexopyranosyl ring of Ksg bridges the backbones of 16S rRNA nucleotides in the loop closed by bases A1499 and U1506. The hexopyranosyl methyl group may pack against the ribose C3¢ atom of G1505, whereas the amine makes direct contacts with the phosphate of A1499 (Fig. 1d) . The acetamidinium-carboxylate functional group of Ksg makes a number of contacts that are probably part of a watermediated hydrogen bond network. In both ribosomes, the carboxyimino N3 of Ksg is within hydrogen-bonding distance of the N1 of A794 and within van der Waals distance of the C2 of A794 (Fig. 1d) . The same atom of Ksg is also within van der Waals distance of the N6 of A792 in 30S-1 and possibly in 30S-2. An additional hydrogen bond may exist between the carboxyl group of Ksg and the N6 of A794 (Fig. 1d) .
Ksg protects nucleotides A794 and G926 from modification by chemical probes 20 . These residues are also protected by binding of P-site tRNA to the ribosome 22 . However, docking of P-site tRNA or its analog from structures of the 30S subunit and 70S ribosome 6,23 into our structure reveals that the P-site tRNA and Ksg are separated by more than 6 Å (Fig. 1e) . A direct contact between Ksg and P-site tRNA therefore seems unlikely to contribute to inhibition of initiation. The position of Ksg within the mRNA channel suggests that the drug may actually interfere with mRNA binding to the ribosome (Fig. 1b) 6, 7 . Indeed, docking of an mRNA analog in the 30S subunit 6 or mRNAs from 70S ribosome structure 7, 23 into the 70S ribosome-Ksg structure suggests that a steric clash would exist between Ksg and the mRNA backbone between positions -2 and +1 (Fig. 1e) . (e) Location of Ksg relative to P-site tRNA and mRNA. Shown are Ksg (cyan), P-site mRNA (red), E-site mRNA (blue), anticodon stem-loop (green). mRNA residues are labeled with position relative to first base of P-site codon (+1). ASL and mRNA coordinates were extracted from the structure of the T. thermophilus 30S subunit (PDB entry 1FJG) 6 .
Location of Ksg relative to the DASL Despite the fact that lack of methylation of 1518 and 1519 in the DASL leads to Ksg resistance 16, 19 , this stem-loop does not contact Ksg directly (Fig. 2a) . This may explain why lack of methylation or mutations in this loop confer only a low level of resistance 19 . Nucleotides m 2 6 A1518 and m 2 6 A1519 are buried in a pocket between the 790 loop and the 1500 region of helix 44 (Fig. 2a) . Notably, the N6 group of m 2 6 A1519 is much closer to A792 than that of m 2 6 A1518 (5 Å versus B6.2 Å for m 2 6 A1519 and m 2 6 A1518, respectively) and could place one of the methyl groups close enough for van der Waals contact with C2 of A792 ( Fig. 2a and Supplementary Fig. 1 ). Mutation of m 2 6 A1519 by itself confers as much resistance to Ksg as do ksgA mutations, whereas mutation of m 2 6 A1518 confers no resistance 19 . These results indicate that the identity of position 1518 and its methylation status are not determinants of resistance to Ksg.
On the basis of the above structural and genetic results, we reasoned that disruption of the packing of A792 with m 2 6 A1519-that is, the absence of A1519 methylation-should be sufficient to confer weak resistance. In other words, Ksg-sensitive ribosomes carrying a mutation at position 1518 would still be methylated at the adjacent A1519, and resistance mutations at position 1519 would not necessarily interfere with methylation at A1518. Accordingly, primer-extension analysis of 16S rRNA revealed that mutation of either adenosine did not affect the methylation of the adjacent nucleotide by KsgA (Fig. 2b) 19, 24 . Even mutation of the neighboring C1520 to U 25 did not prevent the methylation of A1518 and A1519 (Fig. 2b) . Together, these data indicate that the only change in the DASL required for resistance to Ksg is demethylation of the N6 group of m 2 6 A1519.
Kasugamycin binds mutant ribosomes in vitro
Ksg resistance could be explained by a loss of affinity of 30S subunits for the drug. Binding of Ksg to wild-type 30S subunits protects residue A794 from modification by dimethyl sulfate (DMS) and G926 from modification by kethoxal, and enhances the DMS reactivity of C795 (ref. 20) . Notably, ribosomes from wild-type and ksgA -cells have very similar protection patterns at A794, C795 and G926 induced by Ksg (Fig. 3a,b and Supplementary Table 2 online), suggesting that Ksg binding to these 30S subunits is not substantially impaired within the concentration range tested. The footprint at G926 was consistently more intense than that at A794, perhaps reflecting a tighter contact of the drug with the former residue. The results obtained with the A1519C mutation deserve particular attention. Although decreased protection by Ksg at A794 was consistently observed for this mutant, the strength of protection of G926 was similar to that obtained with wild-type ribosomes, indicating that the A1519C resistance mutation does not considerably impair Ksg binding ( Fig. 3b and Supplementary Table 2 ).
The reduced Ksg footprint in the 794 region for this mutant is consistent with a structural change in this region in response to the A1519C mutation ( Fig. 3a and Supplementary Table 2 ). It is noteworthy that the extent of protection in the highly resistant mutants (A794G and G926A; Fig. 3a ,b and Supplementary Table 2) , for which only one footprint site is available for analysis, seems to be slightly decreased. This finding suggests that these two mutations result in a slightly lower affinity of the ribosomes for the drug.
Ksg can inhibit all mutant ribosomes
To determine more precisely which step of initiation Ksg inhibits, toeprinting experiments were carried out to detect the extent of tRNA fMet binding to wild-type and mutant ribosomes. Ksg has been shown to bind 30S subunits from ksgA mutants and inhibit the binding of fMet-tRNA fMet in the presence of initiation factors (IFs) 10 . In toeprint experiments with 30S subunits in the presence of a T7-transcribed leaderless mRNA and IF2-GTP-fMet-tRNA fMet , Ksg blocked the mRNA-tRNA fMet interaction in all the Ksg-resistant 30S subunits ( The A794G mutation renders the DMS reactivity of this base undetectable, and the G926A mutation makes this residue unreactive to chemical attack by kethoxal; thus, Ksg binding to ribosomes carrying a mutation at one residue was detected as protection of the other residue. Ksg was used at 0, 64 and 320 mg ml -1 (triangles denote increasing concentration). WT, wild-type rRNA. 4 5 6 7 8 9 10 11 12 13 14 15 1617 18 19 20 21 2223 24 Lane 16S rRNA mutation WT + -
subunits, thus extending previously published results 10 . However, a different picture was obtained in toeprint experiments without IFs and in the presence of deacylated initiator tRNA fMet . Contrary to the situation when IFs are present, initiator tRNA binds directly at the classical P site in their absence 22 . Although the wild-type 30S subunits retained their sensitivity to Ksg, all the mutant 30S subunits were considerably more resistant to the drug than in the presence of IFs (Fig. 4b, Supplementary Table 3 and data not shown). The sensitivity of the wild-type subunits disappeared when 50S subunits were added to the reaction ( Fig. 4b and Supplementary Table 3) , consistent with previous reports describing the Ksg resistance of 70S ribosomes programmed with leaderless mRNAs 26 . Moreover, addition of 50S subunits further increased the resistance of the A794G ribosomes ( Fig. 4b and Supplementary Table 3) . Together, these observations indicate that in the presence of IF2-GTP, the initiator tRNA recognizes the mRNA start codon in a conformation that is sensitive to inhibition by Ksg even in the mutant 30S subunits. By contrast, wild-type 30S subunits are much more sensitive than mutant ribosomes to Ksg when binding of initiator tRNA occurs at the classical P site 22 .
Template dependence of Ksg action
The above structural and biochemical results imply that hindrance of the mRNA pathway by Ksg could be responsible for Ksg inhibition of cell growth. Several lines of evidence also suggest that inhibition of translation by Ksg may be template dependent 9, 12, 27 . In particular, Ksg inhibits translation of an mRNA carrying the 5¢ leader sequence of lacZ but not translation of its leaderless counterpart 27 . To test the influence of the 5¢ leader on the inhibitory effect of Ksg, translation of mRNAs encoding b-galactosidase (b-gal), with or without a 5¢ leader sequence, was measured in wild-type and Ksg-resistant mutant strains. The concentration of Ksg was kept as low as possible to avoid substantial inhibition of endogenous mRNAs (see Methods). In agreement with published results 26, 27 , Ksg largely inhibited translation of the fusion mRNA carrying the 5¢ leader sequence of lacZ (SDL mRNA) but did not inhibit translation of its leaderless equivalent (LL mRNA) (Fig. 5) .
In fact, the LL mRNA-driven b-gal activity considerably increased in the presence of Ksg in wild-type cells (Fig. 5c) , as previously reported 27 . In the Ksg-resistant mutants, production of b-gal from SDL mRNA was unaffected by Ksg (Fig. 5b) . Notably, Ksg enhancement of LL mRNA-driven b-gal activity was considerably less in the resistant cells (Fig. 5c ). These data support the idea that Ksg perturbs the interaction between the 5¢ leader sequences of SDL mRNAs and the ribosome during initiation, thereby arresting cell growth.
A 5¢ leader is not sufficient for inhibition by Ksg
To determine whether the 5¢ leader in an mRNA is necessary and sufficient for in vivo sensitivity to Ksg inhibition of translation, we tested translation of an mRNA encoding glutathione S-transferase (GST) but containing a different 5¢ leader from that in the lacZ sequence (Fig. 6) 28 . To our surprise, Ksg did not inhibit translation of the GST mRNA in either wild-type or ksgA -cells (Fig. 6a) . In fact, Ksg considerably increased the synthesis of GST in wild-type cells but not in ksgA -cells. As the GST mRNA carries a 5¢ leader containing a canonical Shine-Dalgarno sequence (Fig. 6b) , this result was unexpected given the strong inhibition of SDL mRNA encoding b-gal, described above (Fig. 5b) . In other words, the presence of a 5¢ leader is necessary but not sufficient for in vivo inhibition of natural mRNAs by Ksg. Notably, the 5¢ leader sequences of the SDL mRNA and the GST mRNA differ only in the nucleotides immediately preceding the AUG initiation codon (Figs. 5 and 6 ), indicating that Ksg may target mRNAs on the basis of sequences in or near the E site. 
Effect of the -3 to +1 sequence on Ksg inhibition
The above biochemical and structural data suggest that Ksg interacts with mRNA residues -3 to +1. This was tested by constructing SDL mRNA derivatives differing only in the sequence at these positions. In all four possible variants of position +1 (NUG mRNAs), the relative levels of b-gal activity reflected the strength of the codon-anticodon interaction during initiation, in agreement with published results ( Supplementary Fig. 2 online) 29 . Consistent with the structural data ( Fig. 1e) , mutation of the first residue of the initiation codon considerably affected the extent of Ksg inhibition. Whereas purine start codons (AUG and GUG) were inhibited to similar extents by increasing concentrations of Ksg, pyrimidine start codons (UUG and CUG) gave higher relative levels of translation at low Ksg concentrations, with a gradual decrease at higher concentrations of Ksg (Fig. 6c) . This effect was particularly acute for the CUG initiation codon, which showed an almost two-fold increase in b-gal activity at the lowest Ksg concentration tested and remained above the no-Ksg activity level at all other Ksg concentrations. The effect seems to be independent of the low b-gal activity of the mRNAs with pyrimidine start codons, as mRNAs with much lower activity but containing AUG start codons did not show this response to Ksg (data not shown). These results reveal the importance of position +1 of the mRNA for the extent of inhibition by Ksg, consistent with the predicted overlap of the inositol ring of Ksg with the backbone of mRNA at positions -1 and +1 (Fig. 1e) .
The possible influence of residues -3 to -1 on the extent of Ksg inhibition revealed by the GST and SDL mRNAs was further analyzed with SDL mRNAs that carried different E-site triplets. To exclude possible interference of mRNA secondary structure, the triplets were chosen so that they would fold into the same predicted structures (data not shown). Again in agreement with the structural data, the E-site triplet had a substantial influence on the extent of inhibition by Ksg (Fig. 6d) . In particular, changes at positions -1 and -2 resulted in the greatest shifts in b-gal activity in the presence of Ksg (Fig. 6d) , within the set of mRNAs tested.
DISCUSSION
Early reports showed that Ksg binds both the 30S and 70S ribosome but not isolated 50S subunits 30 . The ribosome structures presented here reveal the binding pocket for Ksg in the mRNA-binding cleft of the 30S subunit between the head and the platform (Fig. 1b) . The antibiotic is held in place by interactions with A794 and G926, the universally conserved nucleotides whose mutation confers high levels of Ksg resistance (Fig. 1b,c and Supplementary Fig. 1 ) 19, 31 . Binding of Ksg is also stabilized by residues A792, A1499, G1505 and U1506, which, together with A794 and G926, define the mRNA path in the P and E sites of the small ribosomal subunit (Fig. 1c and Supplementary Fig. 1) . The other locus of Ksg resistance, the DASL 16, 19 , is not in direct contact with the antibiotic-binding pocket and probably confers resistance by an indirect mechanism that involves A792 (Fig. 2a) .
Antibiotic resistance is often achieved by the loss of affinity for the drug as a result of mutation. However, Ksg-resistant ribosomes retain their ability to bind the antibiotic in vitro with an affinity that is not markedly different from that of wild-type ribosomes (Figs. 3 and 4) . Although our data and those of others 10 show that mutant ribosomes can bind Ksg in vitro, these experiments cannot rule out the possibility that, at the intracellular Ksg levels, small affinity differences among the mutants could be responsible for resistance in vivo. However, it seems likely that the drug is bound to the mutant ribosomes in vivo for the following reasons. First, the highest concentration of Ksg used in the footprint assays (320 mg ml -1 ) was an order of magnitude lower than the minimal inhibitory concentration (MIC, 3 mg ml -1 or higher) for the A794G and G926A mutants 19 . Second, we observed that Ksg can inhibit the growth of the resistant strains under certain conditions in vivo (data not shown), indicating that the mutant ribosomes must bind the drug even at the intracellular concentrations.
Our results suggest that Ksg resistance functions similarly to streptomycin resistance and dependence, in that mutations in the ribosome compensate for drug interactions without the need to abrogate binding 32 . Should this be the case, Ksg-resistant ribosomes must be able to initiate translation in the presence of Ksg to support cell growth. A possible explanation for resistance would then be that initiation-complex formation could result in the displacement of Ksg from its binding pocket in Ksg-resistant ribosomes. This hypothesis best explains low-level resistance conferred by changes in the DASL, where cells are no longer resistant to Ksg once a concentration threshold is achieved 19 . For the strongest resistance mutations, those at A794 and G926 (ref. 19) , the ribosome seems to work properly at extremely high concentrations of the drug (MIC value higher than 5mg ml -1 for some of these mutants), as if normal ribosomal function were independent of the presence of the drug 19 . The most plausible mechanism to explain this would be that the mutations eliminate contacts of the ribosome with mRNA, Ksg or both, which alleviates the steric hindrance imposed on the mRNA as it travels through the mRNA channel occupied by Ksg. It is noteworthy that, although all mutants seem to follow a similar general trend in the assays reported here, we observed substantial differences among them (Fig 4a and  data not shown) . Understanding how the different Ksg-resistance mutations distort the structure of the E site and its interaction with Ksg and the mRNA will be the focus of future studies.
According to our modeling of mRNA and P-site tRNA into the present structure (Fig. 1e) 6, 7, 23 , inhibition of fMet-tRNA fMet binding during initiation 8, 10, 20 (Fig. 4) is probably due to potential steric clashes of Ksg with the mRNA between positions -2 and +1. The structural data presented here help to explain the observation that Ksg inhibits translation of mRNAs with certain 5¢ leader sequences but not of leaderless mRNAs (Figs. 5 and 6) 27 . As the mRNA sequence potentially subject to steric clash with Ksg is absent in leaderless mRNAs (from -2 to -1, Fig. 1e ), these mRNAs readily escape the inhibitory effect of the drug. The discrepancy between the in vivo resistance (Fig. 6) 27 and the in vitro sensitivity of T7-transcribed leaderless mRNAs in some of the assays (Fig. 5a ) 26 may be due to the fact that the latter contain a 5¢-pppG nucleotide in the -1 position 33 .
For mRNAs with 5¢ leader sequences, the extent of Ksg inhibition is highly dependent on the E-site triplet and, especially, on the identity of position +1 of the mRNA (Fig. 6) . Start codons containing a purine at the +1 position can form either a canonical Watson-Crick or a wobble base pair with initiator tRNA, which would constrain the position of this base. By contrast, start codons containing a pyrimidine at the +1 position would introduce a mismatch that might substantially increase the flexibility of the mRNA backbone in this region. The results showing that Ksg allows mRNAs with UUG or CUG start codons to be translated far better, in relative terms, than mRNAs with AUG or GUG start codons (Fig. 6c) , together with the experiments with different E-site triplets (Fig. 6d) , strongly suggest that increased mRNA flexibility in this region can overcome the steric constraints induced by bound Ksg. Differential inhibition by Ksg of leadered mRNAs has also been reported in studies using polycistronic phage mRNAs 9, 12 .
According to the high-resolution 30S subunit and 70S ribosome structures, the conformation of the 30S platform is nearly invariant 6, 21 . During initiation, the platform would constrain the conformation of mRNA in the E site because of codon-anticodon base-pairing between mRNA and tRNA fMet and the narrowing of the mRNA channel near positions -1 and +1, that is, between nucleotides G926 and A792 (refs. 6,7). Positions upstream of -3 in the mRNAs are disordered in the available structures 6, 7 , consistent with biochemical data indicating that the SD-antiSD helix formed between mRNA and the 3¢ end of 16S rRNA is decoupled from the E site 34 . Therefore, the structure and flexibility of the mRNA in the E site could vary owing to spatial constraints on nucleotides -3 to -1 within the universally conserved E-site mRNA channel 6, 7, 31 (Fig. 1e) . A variable degree of mRNA flexibility in the E site, and probably in the area immediately upstream, downstream or both, could explain the influence of the E-site triplet on the extent of inhibition (Fig. 6a,d ) and enhancement (Fig. 6a) of translation in the presence of Ksg. Biophysical measurements with natural mRNAs and Ksg will be necessary to test these ideas experimentally.
Variable mRNA structure and flexibility in the E site could also explain the importance of the E-site triplet during translation initiation. For example, it has been reported that the sequence of the triplet at the E site has a large effect (up to 20-fold) on translational activity 4, 5 . In the context of the SDL mRNAs used here, we observed an approximately 200-fold variation in b-gal activity (data not shown). Previous explanations for the influence of the 5¢ leader on the level of translation have focused mainly on the intramolecular (mRNA-mRNA) and intermolecular (mRNA-16S rRNA) WatsonCrick base-pairing potential of the mRNA sequence. The results reported here suggest that the structure adopted by mRNA in the E site may also have an important regulatory role. For example, after initial binding of the mRNA, whose affinity for the ribosome is mainly determined by the strength of the SD-antiSD interaction and the mRNA's ability to bind S1 (refs. 3,35-37) , the probability of initiationcomplex formation may be determined by the structure of the mRNA in the E site and its interaction with initiation factors. As a result, the E site of the ribosome could serve as the final tuner of gene expression. This idea is consistent with the almost universal conservation of all the bases lining the E site 31 . Notably, a mechanism similar to the one described here may be exploited by eukaryotic mRNAs, as these mRNAs use their -5 to +3 sequence, the Kozak consensus sequence, to modulate the binding of the 40S subunit to the start codon during initiation of protein synthesis 38 .
The surprising toeprinting results showing that Ksg inhibits IF2-GTP-fMet-tRNA fMet binding even to Ksg-resistant 30S subunits (Fig. 4a and Supplementary Table 3 ) support the idea that the mRNA channel near the -1 and +1 positions is highly constrained. The results are in agreement with previous reports showing that Ksg inhibits the IF2-directed binding of initiator tRNA to Ksg-resistant 30S subunits from ksgA mutants 10 . Together, the available evidence reveals that, in the presence of IF2-GTP, the initiator tRNA must bind the 30S subunit in a conformation that introduces a stronger steric clash with Ksg than during the IF-independent binding of this tRNA at the classical P site of Ksg-resistant ribosomes (Fig. 4b and Supplementary Table 3 ) 22 . Recent cryo-EM reconstructions of 70S initiation complexes in the presence of IFs and the nonhydrolyzable GTP analog GMPPNP 39 have shown that initiator tRNA is delivered to the ribosome at a previously uncharacterized site termed P/I (P site on the 30S subunit, new position 'I' on the 50S subunit). Repositioning of the initiator tRNA from the P/I site to the classical P site, after hydrolysis of GTP, requires rotation in the plane of the tRNA by 201 about the anticodon loop 39 . Binding of the initiator tRNA at the P/I site could explain the results of the toeprint experiments with 30S subunits and IF2-GTPfMet-tRNA fMet ( Fig. 4a and Supplementary Table 3) . As the mutant ribosomes are Ksg resistant in vivo, additional elements present during initiation in vivo and missing in the toeprint assays, such as 5¢ leader sequences, the 50S subunit and IF3, could be responsible for abrogating the inhibitory effect of Ksg on initiation-complex formation via the P/I site. Future experiments will be needed to determine how Ksg affects initiation-complex formation in the P/I and classical P/P states.
METHODS
Bacterial strains. E. coli D7 strains AVS69009 pKK C1192U (wild type), AVS69022 pKK 1192U (ksgA19), AVS69009 pKK C1192U-A794G, AVS69009 pKK C1192U-G926A and AVS69009 pKK C1192U-A1519C have been described 19 .
Crystallographic analysis. E. coli ribosomes were purified and crystallized as described 21 . The crystals were stabilized in 20% (v/v) 2-methyl-2,4-pentanediol (MPD), 20 mM HEPES (pH 7.5), 28 mM MgCl 2 , 350 mM NH 4 Cl, 1 mM spermine, 0.5 mM spermidine, 3% (w/v) PEG 8,000 and 24% (w/v) PEG 400, then soaked in a solution containing 1mg ml -1 Ksg (Wako, 11-00523). Diffraction data were measured, integrated and scaled as described 21 (Supplementary Table 1 ). Difference electron density maps were calculated using the observed amplitudes from the 70S ribosome-Ksg crystal diffraction, minus the amplitudes of the apo-70S ribosome crystal diffraction. We derived structurefactor phases from the model of the apo-70S ribosome, then performed density modification using Pirate 21, 40, 41 (Supplementary Table 1 ). The coordinates of the X-ray structure of Ksg 42 served to create an initial starting model for the drug using ArgusLab 43 .
After docking, the 70S-Ksg models were refined against the crystallographic data using CNS 40 (Supplementary Table 1 ). Superposition of the present 70S ribosome structure with those of the Thermus thermophilus 30S ribosome (PDB entries 1J5E and 1FJG) was done in O 44 by selecting a subset of atoms in the platform of the subunit, namely 16S rRNA residues 922-930 and 790-796. The final r.m.s. deviation was 0.441 Å .
Ksg footprinting experiments. Ribosomal subunits were prepared as described 45 from all the above D7 strains. We used 30 pmol of 30S subunits in chemical modification reactions set up as described 20 at Ksg (Fluka) concentrations of 64 mg ml -1 and 320 mg ml -1 . The sites of chemical modification were identified as described 46 .
Toeprint analysis. Primer-extension inhibition analysis with leaderless T7 transcripts was done as described 47 . We incubated 5 pmol of 30S subunits with or without 5 pmol of 50S subunits at 37 1C for 15 min in reaction buffer (10 mM Tris-HCl (pH 7.4), 60 mM NH 4 Cl, 10 mM magnesium acetate, 6 mM b-mercaptoethanol). The ribosomes were added to a mixture containing 1 pmol of preannealed LL mRNA-primer complex and the following components, as specified in the figure legends: 15 pmol of tRNA fMet or fMet-tRNA fMet , 10 pmol IF2, 0.5 mM GTP and Ksg (Fluka) in a final volume of 15 ml.
Primer-extension analysis of 16S rRNA. Plasmid-encoded ribosomes carrying mutations in the m 2 A stem-loop, isolated in both the wild-type and ksgAbackgrounds, were subjected to primer extension as described 19 .
In vivo Ksg inhibition assays. The following constructs have been described 29, 47 : SDL-AUG-cI-lacZ (SDL) carrying a leadered cI-lacZ fusion; LL-AUG-cI-lacZ (LL), carrying a leaderless cI-lacZ fusion; and the pSD-NUGcI set of plasmids, encoding the alternative start codons CUG, GUG and UUG. The constructs carrying different E-site triplets were built by PCR-directed randomization of the -1 triplet (E site) in the leadered cI-lacZ fusion plasmid pSD-AUG-cI 29 . The plasmids were transformed into strains JM101 and JM101 ksgA19 (ref. 19) as indicated. For the experiments of Figure 4 and Figure 6a , the cultures were grown in minimal medium supplemented with 0.2% (w/v) Casamino acids and 0.2% (w/v) glucose, to A 600 ¼ 0.4. After induction with 1 mM IPTG (final concentration), half of the cultures were transferred to new flasks to which Ksg (Fluka) was added to a final concentration of 50 mg ml -1 , far below the MIC for wild-type cells (80-150 mg ml -1 ) 19 . Cultures were grown for an additional 3 h, chilled quickly on ice and harvested. The cell pellets were resuspended in 1 ml of PBS with 0.45% (w/v) Brij58 and 0.15% (w/v) deoxycholate, and lysed by repeated quick freeze-thaw in an ethanol-dry ice bath. Lysates were cleared by centrifugation and the amount of total protein was determined for normalization purposes. Note that about 30 times more lysate was loaded in the assays with LL mRNA than in the assays with SDL mRNA. For the assays in Figure 6c ,d, cells were grown in minimal medium containing 0.2% (w/v) maltose (as carbon source) and 25 mg ml -1 kanamycin to approximately A 600 ¼ 0.3. After induction with 1 mM IPTG, the cultures were divided into flasks containing the same medium supplemented with Ksg (Sigma, K-1253), as indicated, and assayed for b-gal 3 h later. b-gal and GST activities were assayed as described 28, 48 .
Accession codes. Protein Data Bank: Coordinates for two 70S ribosomes have been deposited with accession codes 1VS5 (ribosome 1, 30S subunit), 1VS6 (ribosome 1, 50S subunit), 1VS7 (ribosome 2, 30S subunit) and 1VS8 (ribosome 2, 50S subunit).
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
